The paper reviews recent work on time reversal symmetry (TRS) breaking superconductors. The family of TRS breaking superconductors is growing relatively fast, with many of its newly discovered members being non-centrosymmetric. However, many of the superconductors which possess center of inversion also break TRS. The TRS is often identified by means of the muon spin relaxation effect (µSR) or/and the Kerr effect. Both methods effectively measure the spontaneous appearance of the bulk magnetic field below superconducting transition temperature. One of the systems most carefully studied so far is Sr 2 RuO 4 believed to be spin triplet chiral p-wave superconductor. This compound provides an example of the material whose many band, multi-condensate modelling has enjoyed a number of successes. We discuss in some details the properties of the material. Among them is the polar Kerr effect, which understanding has resulted in the discovery of the novel mechanism of the phenomenon. The mechanism is universal and thus applicable to all systems with multiorbital character of states at the Fermi energy.
I. INTRODUCTION
Discovery of the high temperature superconductors 1 a few decades ago started vivid and still ongoing experimental and theoretical races to uncover their secrets. This breakthrough in the research of superconductivity was preceded by the discovery of CeCu 2 Si 2 , the first heavy fermion superconductor 2 and other members of this family UBe 13 3 and UPt 3 4 .
The concomitant development of new technologies of material synthesis, and curiosity these findings have evoked, resulted in the numerous discoveries of simple, like MgB 2 5 , and more complex families of superconducting materials including Sr 2 RuO 4 6 the perovskite superconductor without copper. A lot of excitement have evoked dicoveries of systems superconducting at high pressures. These findings culminated in recent measurements of superconducting materials with transition temperature T c approaching not so cold winter day temperature 7, 8 .
Novel superconductors are often denoted as exotic 9, 10 or (in more modern language) as unconventional. This last word sometimes is used in relation to superconductors in which other than electron -phonon pairing mechanism is operative 11 . Slightly more formally, unconventional chaeacter of superconductivity means that not only the gauge U(1) symmetry is spontaneously broken below the transition temperature as in all superconductors but also other symmetries are broken. Among them the time reversal symmetry (TRS) plays a special role.
Recently, the increased interest is observed in the detection and understanding the TRS breaking and its relation to other symmetries. In the last few years a number of time reversal superconductors with chiral 12 and other order parameters breaking the time reversal symmetry have been identified. The importance of chiral superconductors is in part related to the fact that they have been predicted to host Majorana particles and other quantum states of interest 13 . As an example of such system we consider Sr 2 RuO 4 and present some of its properties and our approach to model the material. We concentrate on the theory of Kerr effect in this material paying special attention to its multi-orbital character. This is because the recent discovery of the novel 14, 15 intrinsic mechanism of the Kerr effect operating in strontium ruthenate and possibly other systems.
The paper is organised as follows. In the next section (II) we review the earlier and recent experimental discoveries of superconductors which break TRS. Our studies of various aspects of superconductivity in Sr 2 RuO 4 are reviewed in Section (III). The multiorbital/multiband mechanism of the Kerr effect is introduced in Section (IV) with application to strontium ruthenate. We end up with few general observations and the summary of the paper in Section (V).
II. TIME REVERSAL SYMMETRY BREAKING IN SUPERCONDUCTORS
The detection of the time reversal symmetry (TRS) breaking necessarily means the unconventional nature of superconductivity. This is so, becouse in many superconductors the U(1) gauge symmetry spontaneous breaking is often accompanied by additional symmetries:
time reversal or spatial. For example, the d-wave character of the order parameter symmetry in high temperature superconductors (HTS), as confirmed again recently with a new dielectric resonator method 16 , provides a case of spatial symmetry breaking. The crystals of HTS have a four-fold symmetry axis perpendicular to their ab plane but the d-wave order
features only the two-fold one.
A. Detection methods of TRS breaking
There are a few etsblished methods to detect existence of TRS breaking (TRSB) in superconductors. These are muon spin rotation and relaxation (µSR), polarised neutron To see how the Kerr effect is related to the frequency dependent Hall transport coefficient σ xy (ω) let us note that the reflection coefficient |r|
where n is the complex refraction coefficient. On the other hand the polar Kerr angle (2) can be shown 35 to read
in the high frequency regime (ω > ω ab ) and The superconductivity in URu 2 Si 2 has been discovered 38 in 1986, but most of the work has been devoted to the 17.5K anomaly observed in this material and termed "hidden"
order. The identification of it is the subject of the on-going vigorous work and debate 39 .
One of the first examples where the broken time reversal symmetry has been detected 40-42 is have been studied with the µSR technique and small but well defined magnetic fields were detected below T c . Such behaviour point out into the spontaneous time reversal symmetry breaking in both superconductors. The conclusion of the paper is that the lack of the inversion symmetry is not essential for the appearance of TRS breaking. This is also supported by the data presented in the Table, where many of the TRS breaking materials belong to C class. On the other hand the lack of TRS strongly constraints the allowed symmetry of the superconducting order parameter. This together with the temperature dependence of the specific heat and other thermodynamic and transport characteristics allows to judge the presence of the gaps in the order parameter. The details of the symmetry of the or- After the discovery of the superconductivity in Sr 2 RuO 4 , the material being a crystallographically identical to high temperature cuprate superconductors but without copper, the hope was that its understanding will shed light on the latter systems. This was supported by the observation that at low temperature strontium ruthenate is a metal and behaves as an anisotropic and possibly correlated but otherwise well defined Fermi liquid 80 . Later on it turned out that Sr 2 RuO 4 is much more complicated with three bands being in play hosting probably spin triplet p-wave superconductivity. The first hint on the unconventional character of superconductivity has been provided by the extreme sensitivity of T c on non-magnetic disorder 81 .
The Fermi surface of the materials consists of three sheets known as α, β and γ. 91 and calls for further detailed analysis.
A. Modelling of strontium ruthenate
In view of the controversies about the microscopic mechanism of superconductivity in strontium ruthenae we have modelled the system by using precise knowledge related to its spectrum and assumed the phenomenological interaction parameters leading to the p-wave superconducting state in all three bands. The details have been described in the number of papers 100-105 and I shall not repeat the details here. The Hamiltonian of the system written in the orbital basis readŝ 
and is directed along crystallographic c-axis, while for the helical states of the variety
it is lying in the The order parameter has a number of intra-and interorbital components. They are written as
for c(= d xy ) orbitals and, expected. The paper 123 imposes an upper limit of ±2.5 mG on the magnitude of spontaneous magnetic fields at the well-defined edges of a mesoscopic disk. It is important to note that despite lack of surface fields the superconductivity-related time-reversal symmetry-breaking fields in the bulk have been observed by muon spin rotation and Kerr effect (see Table (I)) .
Judging from the value of the Kerr angle the fields seem to be really small.
On the theory side there appeared a number of papers trying to find reasons of such behaviour [124] [125] [126] . Recent studies 127 have shown that the surface flux pattern in chiral superconductors is not a universal feature, but instead it depends on many parameters describing the system. As a consequence the magnitude of the expected magnetic fields may differ from case to case and be smaller than expected earlier 128 .
IV. UNDERSTANDING THE KERR EFFECT IN SR
Shortly after the measurements of the Kerr signal in Sr 2 RuO 4 a number of theoretical papers appeared trying to understand its origin, magnitude and temperature dependence.
For references and a critical discussion see 35, 129 . As noted earlier the existence of the Kerr signal is intimately related to the anomalous frequency dependent Hall effect σ H (ω). Due to the time reversal symmetry breaking state in superconductors one expects appearance of spontaneous magnetic fields and thus the Hall effect. The latter transport coefficient, however, requires that the charge in an electric field directed along, say x direction, to move also in y direction as in standard Hall effect in a B field. In the presence of magnetic field the perpendicular (i.e. in the y diection) motion is related to the Lorentz force acting on However, in the present case the chiral state responsible for time reversal breaking state is a result of internal interactions between the electrons. Thus the required force has to result from effective internal interactions inducing the chiral k x ± ik y state. This, however is impossible in the Galilean invariant system. This argument about the absence of such skew scattering in one -band Galilean invariant system has been put forward by Read and The simple, formal argument on the absence of ac Hall conductivity σ H (ω) has been given by Taylor and Kallin 14 . These authors have noted that σ H (ω) is given by the antisymmetric part of the current -current correlation function π xy (q, ω)
The correlator itself can be written in terms of the velocity matricesv x andv x and matrices of the Green functionsĜ of the superconducting system as
It follows that σ H vanishes for diagonal velocity matricesv x andv y as they commute with the Green function matrices. The critical overview of various attempts to calculate Kerr effect can be found in 135 .
Two different approaches have been used and two different models sharing, however, the multiband/multiorbital character have been studied by the two groups 14, 15 proposing the novel mechanism of the Kerr effect. The results [136] [137] [138] provide a novel description of the anomalous ac Hall conductivity and are valid for virtually all superconductors. The prerequisite is the TRS breaking order parameter and a multiband one with non-zero interorbital/interband velocity matrices.
While the Kubo approach has been used in 14 , we 15 have calculated the Kerr effect from the definition of the optical dichroism 139, 140 . In this formalism the conductivity tensor can be expressed in terms of the difference of the electromagnetic power absorption P (ω, ǫ) for light of left and right circular polarizations, ǫ L and ǫ R , respectively,
The power has been calculated from the Fermi golden rule with the dipole matrix elements evaluated between the Bogolubov-de Gennes states.
The interorbital mechanism seem to be especially well suited for the understanding of the Kerr effect in strontium ruthenate, which is perhaps the cleanest superconductor, ever studied and the concurrent mechanism relying on higher order impurity scattering is not efficient. The novel mechanism of polar Kerr effect discovered during studies of the Kerr effect in this superconductor is of general importance and its validity for the semi-quantitative description of the effect in UBe 3 has been recently demonstrated 141 .
V. SUMMARY
We have reviewed aspects related to time reversal symmetry breaking in superconductors including Sr 2 RuO 4 , UPt 3 and other newly discovered systems. One has to note that the family of materials with this property is growing very fast. Moreover, many compounds belong to the non-centro-symmetric crystals. This calls for better understanding of the interplay between various symmetries in superconductors.
We briefly described standard techniques used to identify TRS breaking in superconductors, namely the µSR and the Kerr effect. We have discussed some of the many puzzling characteristics of strontium ruthenate (Sr 2 RuO 4 ), one of the cleanest and best studied superconductors with TRS breaking state below T c . The special attention has been paid to the discovery of the novel mechanism of the Kerr effect 14, 15 and its application to Sr 2 RuO 4 .
However, many of the recent discoveries [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] have been left, partly due to lack of space in this short review. We only mention that the recent work 
